The principles underlying human hemispheric specialization are poorly understood. We used functional magnetic resonance imaging of letter and visuospatial decision tasks with identical word stimuli to address two unresolved problems. First, hemispheric specialization depended on the nature of the task rather than on the nature of the stimulus. Second, analysis of frontal candidate regions for cognitive control showed increased coupling between left anterior cingulate cortex (ACC) and left inferior frontal gyrus during letter decisions, whereas right ACC showed enhanced coupling with right parietal areas during visuospatial decisions. Cognitive control is thus localized in the same hemisphere as task execution.
Despite intensive effort, the what and how of human hemispheric specialization ("lateralization") remain poorly understood. In a functional magnetic resonance imaging (fMRI) study, we investigated two unresolved issues that are central to understanding hemispheric asymmetry (1) (2) (3) (4) . First, there is conflicting psychophysical (1) (2) (3) (4) (5) (6) (7) and neurophysiological (8) (9) (10) (11) evidence about how much lateralization depends on the nature of the processed stimuli per se and how much on the nature of the cognitive task performed. Second, there is psychophysical evidence that hemispherespecific mechanisms may be involved in cognitive control (12, 13) , e.g., in the voluntary guidance of complex actions through attentional top-down modulation of early sensory processing and integration of feedback (14) (15) (16) . The corresponding neurophysiological basis for these putative hemisphere-specific mechanisms of cognitive control, however, has not yet been clarified.
Male right-handed volunteers, 16 in number, performed two different tasks on an identical set of words consisting of concrete German nouns, each four letters in length (three letters in black and either the 2nd or 3rd letter in red) (17 ) . In the letter-decision task the subjects had to ignore the position of the red letter and indicate whether or not the displayed word contained the target letter "A"; the visuospatial-decision task required them to ignore the language-related properties of the words and to judge whether the red letter was located left or right of the center of the word (18) . During an additional baseline condition, subjects performed a simple reactiontime task on equivalent word stimuli, i.e., they responded as quickly as possible to the onset of each stimulus.
Varying the cognitive demands while keeping the stimuli constant across tasks provided explicit answers to the two questions of concern. First, we tested directly whether hemispheric specialization was processing-dependent rather than stimulusdependent. If lateralization depends on the nature of the stimuli, no strong hemispheric differences should be observed between letter-and visuospatial-decision tasks because the stimuli and display conditions were identical. However, if lateralization depends on the nature of the cognitive processes needed to implement a particular task, clear hemisphere-specific activation patterns should occur. Second, by requiring different responses to identical stimuli, we ensured that the participants had to engage in supervisory processes underlying cognitive control, namely response selection, response inhibition, and conflict monitoring (19) (20) (21) (22) . We characterized these top-down effects as context-dependent functional contributions of frontal candidate areas and tested whether they showed any hemispheric specificity.
Comparing letter with visuospatial decisions showed a significantly higher blood oxygen-level dependent (BOLD) signal in a number of areas in the left hemisphere (Fig. 1A) , including Broca's region in the inferior frontal gyrus (IFG) (x ϭ -42/y ϭ 32/z ϭ 0, t max ϭ 11.29), fusiform gyrus (-38/-52/-22, t max ϭ 9.25), lateral extrastriate cortex (-36/-84/14, t max ϭ 7.24), ventral premotor cortex and posterior IFG (-48/12/ 22, t max ϭ 6.51), anterior cingulate cortex (ACC) (-8/10/58, t max ϭ 8.54), and supplementary motor cortex (-8/2/70, t max ϭ 8.39).
(Note: all clusters significant at P Ͻ 0.05, corrected, are reported; coordinates refer to local cluster maxima and t max to the corresponding t-value. ) The only activation that extended from the left into the right hemisphere was found in primary visual cortex (left: -6/-82/14, t max ϭ 6.43; right: 10/-78/ 12, t max ϭ 6.30; P Ͻ 0.001). In contrast, a significantly increased BOLD signal for visuospatial decisions as compared with letter decisions was found in the anterior (58/-24/ 44, t max ϭ 7.64, P Ͻ 0.019) and posterior part of the right inferior parietal lobule (46/-76/34, t max ϭ 5.92, P Ͻ 0.020), but not in any area of the left hemisphere (Fig. 1B) .
These results showed a clear dissociation between the hemispheres: letter decisions led to strong left-hemispheric but no righthemispheric activations except for the bilateral activation of primary visual cortex. Conversely, visuospatial decisions evoked strong right-hemispheric but no left-hemispheric activations. Because the stimuli were identical between conditions and subjects maintained fixation throughout the experiment, these differences can neither be ascribed to changes in the stimulus material nor to differential eye movements. Likewise, any potential bias at the level of visual input or motor output can be excluded because the stimuli occurred equally often in the left and right visual hemi- Fig. 1 . Processing-dependence of hemispheric specialization. Brain areas with significant BOLD signal differences when comparing (A) letter with visuospatial processing and (B) visuospatial with letter processing, by using identical stimuli. Significant clusters of activation (P Ͻ 0.05, corrected) are displayed as a graded projection (i.e., medial activations appear less bright than lateral ones) on the normalized rendered brain of a single subject (5203) from this study.
field, and subjects responded equally often with their left and right hands. This functional dichotomy of the hemispheres may depend on cognitive control mechanisms that direct attention to specific stimulus features and guide the subsequent information processing. These processes could be similar to previously described mechanisms of attentional topdown modulation that are mediated through changes in effective connectivity (23) (24) (25) . We accordingly investigated whether a context-dependent modulation of functional influences from areas involved in cognitive control could be inferred from our data.
In order to determine candidate areas that exert cognitive control through attentional top-down influences in our experiment, we compared both letter-and visuospatialdecision tasks against the baseline condition. The rationale for these comparisons was that any such area should show higher activity during the attentionally demanding decision tasks as compared with the simple reaction task to equivalent stimuli during the baseline. We hypothesized that the source of this control should be found in either dorsolateral prefrontal cortex (DLPFC) or in the dorsocaudal part of the ACC (19) (20) (21) (22) 26 ) . No significant differences were found in either left or right DLPFC when comparing both tasks together against the baseline. In contrast, the dorsocaudal ACC showed significant differences between tasks and baseline (P Ͻ 0.001, corrected), both in the left (-6/8/50, t max ϭ 8.74) and the right hemisphere (8/14/48, t max ϭ 8.36). Identical results, i.e., significant bilateral ACC activations and no significant activations in left and right DLPFC, were obtained when we compared the letter-and visuospatial-decision tasks separately against the baseline. The locations of the bilateral ACC activations corresponded well to previous studies of the role of the ACC in cognitive control (26 ) .
These findings do not yet distinguish, however, whether or not there are differences between left and right ACC with regard to task-dependent changes of their functional interactions with the rest of the brain. Therefore, to characterize top-down influences from ACC directly in terms of functional interactions, we tested whether any region throughout the whole brain showed contextdependent changes in coupling with either left or right ACC, over and above any main effect of task or any main effect of ACC activity. This test was performed as an analysis of effective connectivity (17, 27) . The results showed a dissociation between the two cerebral hemispheres. The left ACC increased its influence during letter decisions on a region in the anterior part of the left IFG (local maximum at -26/44/6, t max ϭ 5.61, P Ͻ 0.011, corrected) (Figs. 2 and 3A) . No significant changes in the contribution of left ACC to any right-hemispheric area were observed during letter decisions, nor to any brain area at all during visuospatial decisions. The right ACC increased its influence during visuospatial decisions on areas in the anterior (42/ -42/44, t max ϭ 4.63, P Ͻ 0.034, corrected) and posterior (28/-72/48, t max ϭ 4.49, P Ͻ 0.015, corrected) parts of the right intraparietal sulcus (IPS) (Figs. 3B and 4). In contrast, the right ACC did not show significant changes in its contribution to any lefthemispheric area during visuospatial decisions nor to any brain area at all during letter decisions.
Our results suggest that cognitive control mediated by the ACC is localized in the same hemisphere as the areas involved in task execution. These findings do not contradict previous studies that propose a predominantly evaluative, feedback-integrating role for the ACC in cognitive control (19, 21) . Although direct anatomical connections between the ACC and both inferior frontal and parietal regions have been described (28, 29) , it is possible that the top-down influence of the ACC that we have shown in terms of effective connectivity is an indirect one, using the DLPFC (or other areas) as a relay station. However, as demonstrated by the contrast between tasks and baseline described above, such an additional executive area did not emerge from our analyses. Other tasks that require prefrontally mediated components of cognitive control may lead to similar hemisphere-specific couplings for the DLPFC as observed for the ACC in our study. A study of effective connec- 
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www.sciencemag.org SCIENCE VOL 301 18 JULY 2003 tivity (25) that investigated two tasks with right hemisphere dominance demonstrated top-down effects that were specific for the right hemisphere, i.e., from the right middle frontal gyrus (area 46) on right extrastriate areas. It is thus likely that our findings generalize to other lateralized tasks. Although we cannot exclude lateralization contingent on stimulus type in some situations, our results are consistent with previous findings from split-brain patient studies (7) and positron emission tomography (11) showing hemispheric specialization based on task demands. Research on hemispheric specialization should move beyond analyses of asymmetric regional activations and focus more strongly on functional interactions within and between hemispheres. In a prospective-longitudinal study of a representative birth cohort, we tested why stressful experiences lead to depression in some people but not in others. A functional polymorphism in the promoter region of the serotonin transporter (5-HT T) gene was found to moderate the influence of stressful life events on depression. Individuals with one or two copies of the short allele of the 5-HT T promoter polymorphism exhibited more depressive symptoms, diagnosable depression, and suicidality in relation to stressful life events than individuals homozygous for the long allele. This epidemiological study thus provides evidence of a gene-by-environment interaction, in which an individual's response to environmental insults is moderated by his or her genetic makeup.
Influence of Life Stress on
Depression is among the top five leading causes of disability and disease burden throughout the world (1). Across the life span, stressful life events that involve threat, loss, humiliation, or defeat influence the onset and course of depression (2-5). However, not all people who encounter a stressful life experience succumb to its depressogenic effect. Diathesis-stress theories of depression predict that individuals' sensitivity to stressful events depends on their genetic makeup (6, 7) . Behavioral genetics research supports this prediction, documenting that the risk of depression after a stressful event is elevated among people who are at high genetic risk and diminished among those at low genetic risk (8) . However, whether specific genes exacerbate or buffer the effect of stressful life events on depression is unknown. In this study, a functional polymorphism in the pro- shown that receive a significant context-dependent contribution from right ACC during visuospatial decisions, projected on the same rendered brain as in Fig. 1 
Materials and Methods

Subjects and experimental design
After giving informed consent, 16 healthy male volunteers (24.9 ± 3.4 years) participated in this experiment. All subjects were right-handed (S1) and native German speakers. No subject had any neurological or psychiatric history; in particular, no subject had ever suffered from reading or spelling disorders or disturbances of color vision. All participants had normal or corrected-tonormal vision.
The 388 stimuli were constructed from 194 concrete, high-frequency German nouns that were drawn from a linguistic database (http://wortschatz.uni-leipzig.de) and matched for frequency between words with and without the target letter A, respectively. Words were displayed in upper case, using a nonproportional font without serifs (LettrGoth12BT-Bold from Corel Draw V9). Each stimulus had a height of 2.3° and a width of 10° and was shown for 150 ms in the periphery of the visual field. The short display time ensured that subjects could not saccade to the stimuli during stimulus on-time and could easily maintain fixation. Stimulus onset asynchrony (SOA) was 2000 ± 500 ms (randomly jittered). The medial border of each stimulus was 6° lateral to the fixation cross; this visual angle safely provided nonfoveal vision and thus ensured that the visual information of each stimulus was initially received by the contralateral hemisphere only. To exclude learning effects, all participants were trained one day before the actual experiment, but using different words to prevent priming effects. Fixation was controlled by monitoring of eye movements for all subjects during training, using the iView infrared video system. During the actual experiment, an ASL 504 LRO system was used for eye movement monitoring, but, because of technical difficulties, data could only be obtained from six subjects.
The volunteers were given standardized written instructions both before training and before the actual experiment on the following day. Fixation had to be maintained throughout the experiment, except for the instruction periods. Responses were given by the index and the middle finger of either left or right hand, using a fiber optic response device. During the letter-decision task, the participants were instructed to press the index finger button of the respective response hand if the word contained the target letter "A" and to press the middle finger button if the word did not contain the target letter "A." During the visuospatial-decision task, they were instructed to press the left button of the respective response hand if the single red letter of the word was located left from the midline of the word, and to press the right button of the respective response hand if the red letter was located right from the midline of the word. The participants were asked to respond as quickly as possible after having made a firm decision. Special care was taken to instruct subjects not to adopt an automatic response pattern during the reaction-time task of the baseline condition. Although such an automatic response pattern was made difficult by the jittered SOA anyway, we additionally verified that no subject showed such automatic response patterns by analysis of the reaction-time data.
The experiment was performed as a single session, but subdivided into 4 parts (separated by 1-min breaks), each of which contained 8 task blocks (either letter or visuospatial decisions) that alternated with 8 baseline blocks. Each block (24 s, 12 trials) was preceded by instructions (6 s). The instructions informed the subject which task he was going to perform in the following block and which response hand he should use. No information was given about the visual field of the stimuli since (i) this was self-evident once the stimuli started to appear, and because (ii) we wanted to avoid potential confusion that was observed during initial behavioral testing of the experimental paradigm when left/right instructions were given simultaneously for response hand and visual field. For each combination of the three experimental factors (letter vs. visuospatial decisions, left vs. right visual field, and left vs. right response hand) there were equal numbers of blocks. The condition order was pseudorandomized and counterbalanced across subjects. Each stimulus was only shown once throughout the entire experiment, except for four stimuli that were repeated during baseline. Using a program written in Visual Basic within the MS Access 2000 environment, stimuli were assigned to conditions by a constrained randomization procedure, ensuring that all important variables (e.g. the occurrence of red A's) were balanced between conditions. In each block there were equal numbers of (i) words with and without the target letter A and (ii) words with red letters at the 2nd and 3rd position. 
Behavioral data
Image acquisition and analysis
For each subject, 705 functional whole-brain images were acquired, with a Siemens Sonata scanner (1.5 Tesla) and echo planar imaging (EPI) with the following parameters: TR = 3 s, TE = 66 s, 30 slices, 3 × 3 × 4 mm resolution, field of view = 20 × 20 cm, flip angle = 90°. Structural images were acquired using a standard T1-weighted sequence.
We analyzed fMRI data using SPM99 (http://www.fil.ion.ucl.ac.uk/spm99) and MATLAB 5.3. For each subject, the first five images were discarded to allow for magnetic saturation effects. The remaining 700 images were realigned, corrected for timing differences in slice acquisitions, normalized to a template brain and smoothed spatially with a Gaussian kernel of 10 mm full-width half-maximum (FWHM). The data were modeled voxel-wise, using a general linear model that included the three experimental factors (i.e., task, visual field, and hand), the high-level baseline, and effects of no interest (instruction periods and realignment parameters to account for motion-related variance). The data were high-pass filtered (cut-off frequency 0.0083 Hz) to remove low-frequency signal drifts and low-pass filtered (by temporal smoothing with a canonical hemodynamic response function) to control for temporal autocorrelation. Contrast images were created for each subject and entered separately into voxel-wise, one-sample t tests (df = 15). This random-effects analysis assessed effects on the basis of intersubject variance and thus allowed inferences about the population that the subjects were drawn from (S2). The statistical threshold was set at P < 0.05 at the cluster-level (with P < 0.001 at the voxel-level), with whole-brain corrections for multiple comparisons (S3).
Context-dependent contributions of left and right ACC, respectively, to brain responses elsewhere were assessed separately by psychophysiological interactions (PPI) (S4) . First, the analysis described above was repeated, using the identical design matrix but smoothing the data spatially at 4 mm FWHM to minimize potential midline overlap of ACC signals. For each subject, we then computed the tasks vs. baseline contrast and determined the local maximum of the left and right ACC activation, respectively. One subject showed aberrant cingulate activations and was therefore excluded from this analysis. The individual time series for left and right ACC, respectively, were obtained by extracting the first principal component (S5) from all raw voxel time series in a sphere (4-mm radius) centered on the coordinates of the subjectspecific ACC activations. These time series were mean-corrected and high-pass filtered to remove low-frequency signal drifts; no other adjustments were made. After these time series had been obtained for each subject, the actual PPI analyses were prepared separately for left and right ACC. The psycho-physiological interaction term (referred to as "PPI regressor") was computed as the element-by-element product of the ACC time series and a vector coding for the main effect of task (1 for letter decisions, -1 for visuospatial decisions, 0 elsewhere; prior to multiplication, the task vector was convolved with a canonical hemodynamic response function to account for the hemodynamic lag). The PPI regressor was mean-corrected and orthogonalized with regard to the main effect of task and the ACC time series. In addition to the PPI regressor and the ACC time series per se, the model of effective connectivity included the main effects of task, hand, and visual field, the baseline condition, and effects of no interest (instruction periods, movement regressors). Altogether, our analysis of effective connectivity was thus specific for context-dependent ACC influences that occurred over and above any task effects and contextindependent ACC influences. Brain sites receiving contextual ACC influences that were stronger during letter than during visuospatial decisions were determined by testing for positive slopes of the PPI regressor, i.e., by applying a t-contrast that was 1 for the PPI regressor and 0 elsewhere. Conversely, areas receiving contextual ACC influences that were stronger during visuospatial than during letter decisions were found by testing for negative slopes of the PPI regressor, i.e., by applying a t-contrast that was -1 for the PPI regressor and 0 elsewhere. Subject-specific contrast images were smoothed spatially (using a Gaussian kernel of 9.17 mm FWHM; together with the initial 4 mm smoothing, this resulted in an overall smoothness of 10 mm FWHM) and then entered into random effects group analyses. The significance of the results was assessed by small-volume correction (S6) (P < 0.05 at the cluster-level, corrected, with P < 0.001 at the voxel-level; 20 mm sphere radius) on the basis of coordinates from previous studies on visuospatial (S7) and word processing (S8, S9) .
